INTRODUCTION
Marine life is adversely aff ected by non point source pollution caused by human activities as well as by natural causes. Decreases in ocean productivity and resource availability will have a domino eff ect,leading to potentially catastrophic transformations in both the abundance and composition of marine species. In the face of widespread and rapid deterioration of the diversity of sea life, there is an increasing need to engineer the successful, sustainable use of the seas for food through fi sheries and aquaculture. Eff ective measures for halting this loss of biodiversity will require a better understanding of the impact of climate change on natural systems as well as documenting the fundamental causes and consequences. Genomics and modern biotechnology are examples of modern technologies which are expanding our understanding of the underlying patterns and processes infl uencing the diversity of life in the oceans. Since the development of the fi rst gene sequencing methods by Frederick Sanger in the 1970's, genetic research has seen considerable and rapid expansion in many diff erent areas of biology and biotechnology applications. Genomic sequencing has now become a standard tool in biodiversity * research.
Although most genomics research has focused on the biodiversity of terrestrial species, the application of genomics to the study of marine species and ecosystems is gradually gaining ground. The recent sequencing of a wide range of fi sh genomes is providing important clues into vertebrate genome evolution, including -unexpectedly-relevant information regarding the function of genes involved in human diseases (Roest & Weissenbach, 2005) . Furthermore, by pairing the latest developments in genomics with post-genomics technologies, it is now possible to gain new insights into the evolutionary history of marine species and their responses to environmental stress, as well as key features of global marine biodiversity and ecosystem dynamics. This paper provides examples of recent discoveries and advances in the generation of genomic, transcriptomic and proteomic resourcesto understand marine biodiversity better and to further the development of aquaculture. We also discuss the need for science policies to address the challenges confronting smaller nations in the appropriate supervision of this growing fi eld as they attempt to guarantee food security and conservation of their natural resources.
GENOMIC APPLICATIONS IN MARINE BIODIVERSITY
Scientific advances in molecular sequencing are aiding biodiversity assessments and revealing previously unknown genetic and functional diversity, and providing methods with the capacity to transform greatly the way we think about marine life.
Next-generation sequencing. The recent introduction of nextgeneration sequencing (NGS) methods in marine biology is affording us tremendous insight into the genome, transcriptome and metabolome of many marine species. Genetic variation studies of model fi sh systems are providing crucial data on adaptation and persistence mechanisms of great relevance for biodiversity assessment and conservation biology in marine ecosystems.
The genome of the bottlenose dolphin, Tursiopstruncates, has shed light on the evolution of the dolphin nervous system and reveals consistencies with other large-brained mammals such as humans. As part of a larger study of mammalian genomes, the recently sequenced dolphin genome (McGowen, 2012) was used to compare more than ten thousand proteincoding genes with corresponding matches in the genomes of several other mammals, including dogs, elephants and humans. The study found perhaps 300 genes in the dolphin lineage which have undergone significant changes under positive Darwinian selection relative to other mammals. Some of those genes correlate with the nervous system, including those related to synaptic plasticity, sleep, intellectual disabilities, microcephaly, schizophrenia and Alzheimer 's susceptibility in humans. One similarity dolphins share with humans is a slowdown in the molecular rate of change exhibited by their DNA sequences over time.
Further whole-genome-wide scans (Yan-Bo et al., 2013) using the dolphin genome and focusing on positively selected genes are providing clues to the genetic bases underlying species diversification and adaptive evolution in marine mammals. Using a Uniprot tissue annotation database to investigate the tissue specifi city of more than 300 positive selection genes, PSG, the study found that these PSG were largely expressed in tissues associated with the nervous, reproductive and immune systems, suggesting possible functional roles for these tissues in processes requiring aquatic adaptation, such as body fl uid equilibrium and breathing in mammals.
Similarly, the sequencing of the African coelacanth's (Latimeriachalumnae) genome shed light on how fish may have fi rst adapted to life on land, giving rise to amphibians, reptiles, birds and mammals. The coelacanth, a deep-sea fi sh that closely resembles its fossil dating back at least 300 Myr, has four, large, lobed fi ns which are considered to be the predecessors of limbs. The genome sequences show a slow rate of evolution, which is consistent with the general assumption that this lineage is markedly slow evolving (Zhu et al., 2012) . Using L. chalumnae genomic DNA, the African coelacanth genome was sequenced by Illumina technologies and assembled using the short read genome assembler program ALLPAHTS-LG (Marcador De Posición 1) (Gnerre et al., 2011) . Protein-coding gene evolution was examined using a phylogenomic data set based on 251 concatenated protein and 100,583 amino acid positions, concluding that the proteincoding genes of L. chalumnae display a diminished substitution rate compared to those of other sequenced vertebrates (Amemiya et al., 2013) .
Because of its enormous genome size, nearly 100 billion base pairs, which makes it impractical to sequence, assemble and analyze, the lungfish (Protopterusannectens) is lacking in large-scale sequencing data. Consequently, an exhaustive genome comparison of both coelacanth and lungfish is not currently possible. Nevertheless, it has been possible to obtain good quality data sets even if from only a few genes. Deciphering the genetic makeup of the lungfi sh will provide deep insights into how some vertebrates adapted to life on land and valuable clues for the study of evolution of vertebrates in general.
By comparing the RNA content of coelacanth with that of lungfi sh, also a lobed-fi nned species (sarcopterygian),the question was posed -Which living fi sh is the closest relative to the fi sh that fi rst made the critical transition from water to land? -a long-debated phylogenetic question. To address this issue, RNA-seq data from brain, gonad,kidney, gut and liver tissues from P. annectens were compared to gene sets from 22 jawed vertebrate species including L. chalumnae, and corroborated that the closest living fi sh to the tetrapod is not the coelacanth, but the lungfi sh. Also, by looking at the missing genes lost during the water-to-land transition and the newly acquired regulatory elements a series of unusual discoveries were made, including some relevant to the sense of smell for detecting chemicals in surrounding environments, immune-related regulatory changes and evolutionary development. A region of the coelacanth HOXcluster was identifi ed that may have been involved in the evolution of extra-embryonic structures in tetrapods, including the eutherian placenta. The role of Hox genes in the regulation of limb development had been proposed in earlier work (Amemiya, 2010) .It is likely that this sequence from the coelacanth was coopted by tetrapods to help form hands and feet.
With the availability of genomes from marine species, other 'omics' technologies such as transcriptomics, proteomics and metabolomics are also providing more detailed studies into the evolutionary history of marine species.
The field of evolutionary ecology being applied to non-model organisms is benefitting from next-generation sequencing technology (NGS) and newly developed genomic tools. One of those organisms is Streblospiobenedicti, a segmented tube-dwelling benthic polychaete which displays offspring dimorphism and is being used to study the evolutionary consequences of larval life history. 454 pyrosequencing has been used to characterize the transcriptome for embryos, larvae, and juveniles of S. benedicti, generating 715 reads of 400 bp and 3.08 x coverage (Zakas et al., 2012) . From a total of 7,222 contigs, PipeMeta found 2,817 single nucleotide polymorphisms (SNP). Using the BeadXPress Golden Gate assay (Illumina), these SNPs were validated by genotyping individuals of different developmental stages, and 84 new SNP markers resulted eff ective for distinguishing between geographic and phenotypic populations of S. benedicti. Given the scarcity of genomic resources for marine polychaetes, this transcriptomic approach should be very suitable for standard population genetic analyses to study the molecular and regulatory mechanisms underlying their lifehistory variations.
Transcriptome analyses are becoming more broadly available,particularly when genome sequences are not available. A transcriptome analysis was performed recently on the Atlantic herring (Clupeaharengus), an abundant fi sh found in the pelagic zone of marine waters and a critical protein source both in Europe and North America. From the biological point of view,understanding the genetic structure of C. harengus is of great interest because of its well-defi ned adaptation to salinity, being one of the few marine species capable of reproducing in both the conditions of the North Atlantic and throughout the Baltic Sea. A few studies using isozyme loci, microsatellites and SNPrevealed noticeably low levels of genetic diff erentiation between geographically distant and morphologically distinct forms (Ryman 1984 , Limborg et al. 2012 , Larsson et al., 2007 , Larson et al 2010 , Gaggiotti 2009 ). This analysis was further developed through examination of the skeletal muscle mRNA to assemble a transcriptome and align genomic reads to the transcripts creating an "exome assembly" (Lamichhaney et al, 2012) . Using this methodology it was possible to identify important genetic markers for phenotypic variation in C. harengus, allowing further population genetic studies of adaptation and natural selection. A more comprehensive transcriptome analysis of other C. harengust issues along with the determination of its full genome sequence will justify using the herring as a model organism for evolutionary genetics. The full genome sequence of this large genome,on the order of 900 Mbp,may still be a major undertaking. SNP development using a combination of next-generation sequencing (NGS) and a high-throughput genotyping approach, however, has the potential to make the most of effi cient use of cost and time by avoiding the costly and time-intensive laboratory stages involved in genomic work for population studies in the ocean.
The wide accessibility of NGS technologies has certainly found immediate application in model marine organisms (sea urchin, the polychaete Platynereisdumerilii, Amphioxus and others). Their application to the ecology and evolutionary studies of non-model organisms is being met with growing interest. Two sequencing platforms, the Roche 454 FLX (454) and the Illumina Genome Analyzer (GAII), have been successfully used for SNP discovery in the transcriptome of the European hake, Merlucciusmerluccius (Milano et al., 2011; Nielsen, 2006) . Similarly, an integrated genomic approach that includes the construction of cDNA libraries and the generation of a large EST set for Atlantic cod (Gadusmorhua) have been described (Bowman et al. 2010) . These tools and data represent a critical resource for Atlantic cod, a valuable marine species under-represented in genomic databases.
Metagenomics and proteomics.
With ground-breaking advances in metagenomic sequencing and proteomic technologies, the study and characterization of uncultured biological samples are becoming more and more practical,uncovering the compositions, functions and interactions occurring in microbial communities present in different environments. Faster sequencing technologies and the ability to sequence a broad spectrum of uncultured microbes sampled directly from their habitats are maturing and revolutionizing our view of the microbial world, along with our understanding of their eff ects on global processes such as carbon, nitrogen and sulfur biogeochemical cycles. Analysis of microbial communities using high throughput sequencing methods for the standard 16S ribosomal RNA gene and whole genome shotgun (WGS) sequencing is uncovering the unique organization and identity of bacterial, archaeal and viral communities in coastal and marine environments. Beyond the narrow description obtained from phylogenetic surveys generally using the ribosomal gene, fi ngerprinting approach to biodiversity, metagenomics provides access to the functional gene composition of whole microbial communities, resulting in more reliable and comprehensive studies (Edwards et al., 2006) .
Whole genome sequencing has been used in the last decade to sequence entire coastal and marine ecosystems. Similarly, by sequencing a community of DNA from a very low diversity microbiotain acid mine drainage it was possible to applya whole genome assembler algorithm to assemble the long capillary sequencing reads with great accuracy (Tyson et al., 2004) . Applying similar technology and using a complex bioinformatics approach, the functional potential of oceanic microbial communities in the Sargasso Sea was explored (Venter et al., 2004) , fi nding at least 1,800 diff erent genomes with 48 unknown bacterial phylotypes and 1.2 million previously unknown genes. Subsequent metagenomic studies (Rusch et al., 2007; Williamson et al., 2012) convincingly rendered this technology a standard application for diff erent marine ecosystems.
Along with metagenomics, in the past few years there has been an explosion in marine environmental proteomics, the large scale characterization of proteins recovered from different coastal and marine ecosystems. While the 16S rRNA data provide essential information about the species membershipof a sample and the metagenome sequences provide an account of all possible gene products in an environmental sample, proteomics is employed to determine protein expression profi les of microbial communities, greatly expanding our knowledge of marine microorganisms and their impact on the ocean.
Ground-breaking research in environmental proteomics hasrevealed important associations between protein diversity and ecological function in microbial communities. Proteomics can be a useful tool in determining phylogenetic relationships and resolving important questions in metapopulation biology and adaptation (review in Biron et al. 2006) . High-resolution capillary liquid chromatography coupled to an LTQ mass spectrometer was used to build an accurate mass and time (AMT) tag library as a tool to analyze protein profi les of the marine alpha-proteobacterium Candidatus pelagibacterubique, and to identify adaptation mechanisms and differentially expressed proteins from the exponential and stationary growth phases (Sowell et al., 2008) . Most proteins found in greater abundance in the stationary phase were those involved in stress response, protein refolding, transcription regulation and mitigation of oxidative damage, suggesting that these adaptive responses are important for this alphabacterium's enduring survival under conditions of limited nutrients. The determination of proteomic variations of microorganisms in response to growth conditions has become a standard approach for discovering metabolic and regulatory processes (Sowell et al, 2009; Schwalbach et al., 2009; Smith et al., 2010) .
Metabolomics. The study of all the metabolites present within cells, tissues and organs, as well as at the population level, has become an indispensable tool that goes beyond simply cataloguing bioactive compounds. Metabolomics is yielding progress in studying variations in the abundance of proteins and their subsequent post-translational modifi cations; and asks broader biological questions such as how metabolites reflect and affect cell function and how the environment aff ects the biology of marine organisms. Both nuclear magnetic resonance (NMR) and mass spectrometry (MS)-based or a combination of the two are increasingly more widely used to perform high throughput profiling of metabolites, as well as to investigate interactions of marine organisms with their environment, or marine metabolomics (Miller, 2007) . Recently published advances in this fi eld include studies on marine fi sh (Zhang et al., 2011; Kim et al., 2011) and other ocean vertebrates. Targeted metabolite profiling has also been described in harbor seals and porpoises to determine contamination by chlorinated and brominated compounds (Weijs et al., 2009) . Metabolite profiling by MS has also recently been used on amussel (Mytiluscalifornianus) to study its metabolism in both the aerobic and anaerobic phases of its life cycle (Connor & Gracey, 2012) . Similarly, NMR-based metabolic profiles have been employed to determine the metabolites responsible for the variation in the metabolic profi le of pathogenic Vibrio coralliilyticus under extreme natural environments (Boroujerdi et al., 2012) , including variable temperatures (Boroujerdi et al., 2009) .
Metabolomic applications show great potential for identifying physiological responses of marine species to their changing biotic and abiotic environments. They also provide a unique opportunity to gain insight into the mechanisms behind differential effects of closely related species as well as of individuals within the same species. In addition, metabolomics along with various modern 'omics' technologies and their applications to marine biology research are providing helpful information for understanding microbial ecosystems, along with biogeography and species diversity in the ocean.
Barcoding. While most genomic and post-genomic applications to marine biodiversity research are still at an early stage, exciting and innovative methodologies are emerging to discover and comprehend life history stages and new species that would otherwise be diffi cult to identify with traditional taxonomic methods. One such technique is fast large scale DNA barcoding (Hebert et al., 2003; Hebert & Gregory, 2005) . Although of unquestionable value for species identifi cation, taxonomic approaches based on phenotypic characters have limited effi ciency for ambiguous taxonomic groups or for the identification of closely related species with subtle morphological diff erences. DNA barcoding uses mitochondrial cytochrome c oxidase subunit I sequences to identify any species unequivocally. For more challenging taxonomic groups, it is clear that DNA barcoding needs to be used alongside morphology-based identifi cation systems and include a range of molecular identifi cation strategies based on the analysis of homologous gene regions such as ribosomal RNA molecules (16S and 18S) and the internal transcribed spacer region, ITS. To date, the effi cacy of molecular barcoding is fi nding practical applications in many taxonomic groups, including marine species, giving additional evidence for the consistency and accessibility of DNA barcoding for identifying marine organisms. This is a fascinating technique that is likely to fi nd many uses in ecological studies.
The user-friendliness of DNA barcodes is also fi nding many practical applications in developing countries (Cawthorn et al., 2011; Lakra et al., 2011; Zhang & Hanner., 2012; Asgharian et al., 2011; Wang et al., 2012; de Carvalho et al., 2011; Weigt et al., 2012) , which generally lack suffi cient means (financial support, research materials, scientific profi ciency and experienced personnel) to conduct their own research and surveillance activities in marine biodiversity, fi sheries management and conservation.
GENOMIC APPLICATIONS IN AQUACULTURE
Modern biotechnology and genomics have been used to reveal unexpected features of biodiversity in the oceans. The application of these technologies promises far-reaching social and economic benefi ts in worldwide aquaculture production as well.
As it applies to aquaculture and fi sheries, genomics is rapidly making headway with thousands of publications appearing every year, covering cutting edge topics related to aquaculture biotechnology, genomics, epigenomics and postgenomics applications in aquaculture nutrition, stress, health and reproduction, and many other areas. Choosing selected examples,we will illustrate the impact of genomics on our current understanding of genome evolution and its potential implications directly related to key traits and infectious diseases in aquaculture.
Studies of adaptive evolution in population genetics of marine fi sh and other invertebrates are providing valuable insights into local adaptation, response to climate change and ecological impact of selective harvesting and world fi sheries. This kind of research, for example transcriptomics of clams (Coppe et al., 2012) and sea cucumbers (Du et al., 2012) , is vital for both improving our knowledge of natural evolutionary processes and for establishing coastal and marine conservation priorities. The availability of detailed clam transcriptomics has provided new perspectives in establishing the physiological role of various biochemical processes and of population response to environmental stress. Distinctive genes involved in development or adaptation to temperature changes could be used to acquire valuable information for fi shery management surveys of clam beds.
Salmon (Salmosalar) is one of the most extensively studied fi sh and an important model species for fi sh genetics and evolution. Genomic data produced by the International Collaboration to Sequence the Atlantic Salmon Genome (ICSASG) since 2010 (Davidson et al., 2010 ) is serving as a reference sequence for other salmonids (salmon, whitefi sh, trout and char), increasing the number of salmon-specifi c molecular markers applicable in population genetics to distinguish and monitor various geographic populations (Ozerov et al., 2013) . A number of genomic tools have been developed for the cost-efficient generation of SNP and genome-wide markers of relevance forb reeding programs (repetitive elements, intron/exons, gene duplication). For instance, recent applications of restriction site-associated DNA sequencing (RAD-Seq) have facilitated large-scale marker discovery and genotyping (Houston et al., 2012) . RAD markers are valuable for association and QTL mapping as well as for population genetics and evolutionary research. They present considerable advantages over other methods and are rapidly fi nding application in SNP discovery and genotyping studies in non-model organisms, where they can be used in genotypephenotype association mapping, population genetics and scaffolding genome assemblies through linkage mapping (Baxter et al., 2011) .
SNP arrays have been successfully used in the assessment of population genetic structure in salmon, facilitating a better understanding of the molecular basis of adaptation to a wide range of geographical environments (Bourret et al., 2010) . Furthermore, some karyotype diff erences between European and North American Atlantic salmon via chromosomal rearrangements have been identifi ed (Brenna-Hansen et al., 2012) . These applications may have a major impact on the aquaculture industry by providing genomic information on salmon production traits relevant to industrial development as well as for improved assessments of the sustainability of wild fi sh populations.
Without a doubt, SNPs are becoming key markers of choice for genome research and in genetic improvement programs. Because of their practical use in the analysis of trait-genotype associations, their application in aquaculture is becoming central. Similarly, as more sequence information becomes available for marine species, other markers are increasingly being applied in aquaculture genome research. Having wellestablished genetic linkage maps at handis the basis for further genome scans for Quantitative Trait Loci, QTL, to study traits of great relevance in aquaculture.
Genome-wide association studies (GWAS) have contributed significantly to the field in the past decade. Genotypic associations with phenotypic traits can be investigated employing GWAS and QTL loci mapping. GWAS examine the association between widespread genetic variants and specifi c traits (phenotypes), usually quantitative, in the genome, transcriptome or proteome. Currently SNPs are frequently the fi rst choice because of their considerable genome coverage, throughput of assay and quality assurance. Although the ideas behind the use of GWAS and QTL analysis are very similar, it is important to note that GWAS tests at marker positions, whereas QTL analysis examines between markers.
Recent progress in SNP technology for marine species now facilitates genome-wide association studies (GWAS) in aquaculture to detect and pin down candidate genes for quantitative traits in various marine species. However, due to the shortage of SNP genotyping arrays, the fi rst GWAS for quantitative traits in fi sh, for example, have only recently been published. This approach has been used to identify numerous genetic loci that are associated with diseases and important for marker-assisted selection programs (Rodríguez-Ramilo et al., 2007; Ribas et al., 2013) . Nevertheless, the number of genetic and biochemical processes that have been identifi ed to explain diseases and immunity has not increased much.
While QTL m apping is considered a powerful method to identify regions of the genome that co-segregate with a given trait (F2 populations), a limitation is that only allelic diversity that segregates between the parents of the particular F2 cross can be assayed. In GWAS, on the other hand, after identifying the phenotypes of interest, it provides insights into the genetic architecture of the trait, allowing informed choice for QTL analysis and suggesting candidates for mutagenesis and transgenics. Given the most recent advances in high throughput genotyping technologies, GWAS may also stimulate the efficiency of breeding and selection in aquaculture. Moreover, epigenetic features (such as methyl at ion and his tone deacetylation) will soon be expanded in GWAS.
The potentially negative impact on the gene pool of wild fish resulting from the unintended introduction of farmed fi sh can be addressed through the use of SNPs and microarrays. SNPs are now the principal tools for monitoring the interactions between natural and cultured fi sh populations. Providing expression information for thousands of genes simultaneously, DNA microarrays are having a profound impact on functional genomics research in marine organisms, including Atlantic salmon and common carp (Rise et al., 2004) . More recently NGS methods are being used to identify markers useful for population screening of variations in wild and farmed fishes (Vera et al., 2013) . Similarly, emerging NGS methods have been employed to detect mislabeling and prevent species substitution on the commercial market in a variety of settings and in a range of products. For instance, pyrosequencing has been successfully used in high-throughput identifi cation of seafood species in diff erent products and in species-specifi c PCR assays or microarrays. Furthermore, coupling DNA barcoding with high-throughput NGS technologies is currently being implemented in biomonitoring programs and conservation studies (Hajibabaei et al., 2012) .
Advances in high-throughput proteomics now make it possible to compare protein content between complex biological systems. Host-pathogen interactions, including pathogenicity and virulence, can now be explored through a global proteomic approach leading to the identification of new vaccine targets and novel therapeutics in marine aquaculture. In shrimp (Penaeusvannamei), a two-dimensional gel electrophoresis (2-DE) proteomics approach was used to examine crustacean molecular responses and variation of protein content in hemocytes during Taura syndrome virus (TSV) infection (Chongsatja et al., 2007) . The same technique was applied in another shrimp, Penaeusmonodon, to investigate shrimp immunity and todetect differentially expressed proteins when infected with the luminous bacterium Vibrio harveyi. The 2-DE patterns of the hemocyte proteins from the unchallenged and V. harveyi-challenged shrimps revealed the up-regulation of the expression of hemocyanin and arginine kinase, whereas proteins such as alpha-2-macroglobulin, calmodulin and 14-3-3 protein epsilon were down-regulated (Somboonwiwat et al., 2010) . Using RNA interference (RNAi), the role of Penaeusmonodon alpha-2-macroglobulin in response to bacterial infection was further characterized, concluding that this protein plays a role in the blood coagulation system, enhancing bacterial sequestering by protecting blood clots against fi brinolysis (Chaikeeratisak et al., 2012) . Altogether, the availability of high throughput techniques to examine responses of shrimp to bacterial infection at the transcriptional and translational level, as well as the functional expression analysis, are important to under stand better immunity-related mechanisms in crustaceans and for disease control in shrimp aquaculture.
Aquaculture is a major source of food and employment worldwide; the application of genomics to this area has facilitated a systematic improvement in the management of wild stocks. If the implementation of genomic approaches is to grow in conservation genetics/genomics for aquaculture, a number of challenges must be eff ectively addressed.
The fi rst major research challenge is utilizing new tools to process the massive amounts of data generated daily from full genome sequencing projects, and their integration with phenotypic data and data from other related sciences. The paucity of effi cient platforms and methods to successfully mine, retrieve, process and investigate enormous amounts of genomic data and integrate them with additional information from various sources is a key enterprise for the whole scientifi c community. Second, considering the relevance of local populations of marine organisms due to their exceptional contribution to genetic diversity, population genomics studies on those local species need to be pursued. Because of over exploitation and damage in local environments, many native populations of fi sh may already be extinct; there is a pressing need to investigate the central population structure of many species of commercial interest. Third, the genomes of other less known and non-model organisms may also be critical for effi cient recognition of key genes, biochemical processes and polymorphisms that may or may not become economically important.
Additionally, the use of genomics in small-scale aquaculture, which is the most prevalent dimension of aquaculture around the world, presents specifi c challenges that are diff erent from those of industrial scale aquaculture. Consequently, to favor this model which provides substantial local economic and employment benefi ts, governments must pursue public fi nancing schemes and adopt enabling policies in support of small-scale farms for the sake of employment in poor rural areas.
POLICY ISSUES FOR MARINE BIOTECHNOLOGY AND GE-NOMICS
The prohibitive cost of equipment and training for exploration, along with insuffi cient policies for promoting research and innovation hamper research and development in marine genomics and post-genomics in developing countries,including those in Central America. A recently developed research and training program, the "Central American Marine Genomic Initiative", was launched to study and preserve local marine biological diversity and ecosystems in the Central American region (Huete-Perez et al., 2012) . Through this initiative the researchers involved are establishing a dynamic genomic archive to study and preserve the diminishing biological diversity in the oceans along the coasts of Central America. Building the archive involves the collection, preservation, identification, documentation and storage of genome resource samples,recording GPS coordinates and sample images,designing, creating and managing databases and establishing norms for sharing data with the international community for educational and research purposes. Through the creation of the genome archive, a baseline registry of the current state of the region's marine biodiversity is being established , setting the stage for new discoveries and conservation practices. Collected organisms are identified by standard taxonomic methods as well as by molecular barcoding. Because of the excessive cost of genome sequencing, transcriptome analysis may be a more immediate route to obtain ecological information. These eff orts along with future genomic sequencing of the newly discovered organisms may provide new insights on fundamental features of their biology and functional ecology.
Scientifi c and technical initiatives such as this facilitate local knowledge sharing and are designed to advance the field of marine biotechnology in the region. However, a number of policy-level issues and challenges relating to the development of marine biotechnology and genomics for food security and biodiversity conservation need to be addressed. Policies for promoting marine biotechnology and genomics could encompass support for public education regarding these technologies, streamline the permit process, develop the scientifi c research base in universities, research institutes and government laboratories, provide grants for applied research, improve access to financing, ensure intellectual property protection, facilitate access to marine resources and developa technical work force. Policies for regulation and public safety include issuance of permits, performance standards, specifying good management practices, worker safety, and environmental protection (Halvorson et al., 2009) .
The timely articulation of policies relevant to marine biotechnology and genomics serves to establish commitments on research funding, intellectual property protection, regulatory framework, rules of access to marine resources and more. National policies on marine biotechnology can also create a climate for facilitating technology transfer and commercialization of marine biotechnology products, as well as other emerging technology applications designed to help preserve and maintain the marine environment. Because of the multidisciplinary nature of marine biotechnology and genomic applications and related activities in aquaculture, bioprospecting, environmental monitoring and biodiversity research, overseeing this fi eld may involve a wide range of government agencies and an equally diverse range of policies. While the primary goals of these policies are to protect public health and safety by minimizing risks and promoting the benefi ts of the technologies, policy considerations are also important in managing current or potential land use confl icts in coastal zones.
It is important to recognize both national and international efforts to establish and maintain Marine Protected Areas (MPAs), dealing with the specifi c challenges of developing countries. Hundreds of such areas have been established in ecologically sensitive zones with varying levels of restrictions affecting naval transportation routes, commercial fishing, resource extraction and other activities. MPAs present a unique opportunity for long-term fi eld research on marine organisms and related habitats. For these eff ort to be eff ective, local policy provisions must be in place to provide continuity of enforcement and objective criteria for institutional access.
CONCLUDING REMARKS
The growing availability of many marine species'genomes, along with transcriptomics and proteomics resources, have prompted a flood of research in diverse fields including ecology, biochemistry, molecular phylogenetics and biotechnology. In this article we have discussed recent practical advances in some areas of marine biology such as genetic structure and phenotypic variation, species diversifi cation and adaptation, and how incorporating data from genomics and some post-genomics applications will benefi t future work on biodiversity research and aquaculture.
Better integration of molecular and "omics"-derived tools on both academic and industrial levels needs to be achieved to strengthen selective breeding schemes in aquaculture and to design advanced monitoring tools for fi sheries management. Genomics has been applied to study the structure, function and evolution of genomes of relevance to aquaculture and is laying the foundation for future large-scale studies of gene expression, protein metabolism and adaptive traits. Some examples outlined in this paper illustrate the great potential of genomics to improve aquaculture. In the case of small-scale aquaculture, however, several challenges must be overcome if genomics is to be successfully implemented. Particularly, there are signifi cant knowledge gaps in understanding the genetics of commercially important traits in many local populations of coastal fi sh, as well as a lack of relevant information for improving growth, survival and disease resistance.
The importance of marine biodiversity for human societies can be appreciated both at the economic and ecological levels. At the ecological level, an astonishing variety of organisms drive Earth's biogeochemical cycles, aff ecting environmental conditions on local and global scales. Unfortunately, as a result of human exploitation of natural resources, environmental degradation, pollution and the spread of pathogenic and invasive species, marine ecosystems all over the world are rapidly losing taxonomic, phylogenetic, genetic, and functional diversity (Naeem et al., 2012) . Marine biodiversity contributes food, biofuels, biomaterials, genetic resources and many other cultural and economic benefi ts. Reduction of ocean productivity and resource availability, as well as threats to food security and degrading marine environments will have profound eff ects not only on the incomes of discrete communities around the globe but also on the world economy as a whole. An increasing number of studies show that protecting marine biodiversity through a variety of ecosystem services schemes brings about many economic benefits (McCook et al., 2010) .
M a r i n e o rg a n i s m s a re o f g re a t v a l u e a l s o f o r pharmaceutical, biomedical and biotechnology industries. Although the fi eld of marine biotechnology has gradually been providing new sources of proteins and other molecules, it is through genomic techniques that it is now possible to access and understand a broader range of marine resources and associated environments.
Genome sequencing has been increasing rapidly worldwide and has been promoted through international collaborations. These programs provide high-throughput genomic approaches and bioinformatics platforms for the analysis and curation of data, seeking a better understanding of the biology of marine species and ecosystems. Two important sequencing research centers are the Joint Genome Institute of the Department of Energy and the Broad Institute, both in the USA. An ongoing initiative on functional genomics of marine species, The Marine Genomics Project, was developed as a clearing house to provide a pipeline to upload, preprocess, cross-reference, annotate, submit and store Expressed Sequence Tags (ESTs) and gene expression micro array data (Mckillen et al., 2005) . Microbes Online (www.microbesonline. org) is a valuable resource for microbial genomes.
The new marine biodiversity initiative mentioned earlier in this article is preserving and studying the genomes of marine life in Central America. It is also contributing to capacity building and research on coastal marine biodiversity and water quality in under explored developing countries of Central America. Vouchers are stored and data is freely accessible for research in the region, while tissues and extracted DNA are permanently stored in the Central American archive for future use. DNA barcoding, a key tool employed in this initiative, provides several major assets, facilitating comparisons between data sets obtained in diff erent laboratories, helping in cases of cryptic species and in determining genetically distinct populations. Despite known limitations of DNA barcoding, specifically for recently diverged species and for slowly evolving groups, it is considered an eff ective tool for biodiversity research, particularly in resource-limited laboratories.
Ongoing global advances in science and technology are helping to stimulate new public sector interest with regard to the marine environment. There is also a growing public recognition regarding marine biotechnology and genomics applications as tools for understanding the marine environment and harnessing its potential for societal benefi t. However, to increase and sustain a vital marine biotechnology and genomics presence in developing countries such as those in Central America, a number of essential policy elements need to be considered. These include supportive government infrastructure, public acceptance through awareness and involvement, a high quality globally competitive human resource pipeline, government grants for research and development, funding of high risk startup companies, a strong intellectual property system and a clear and consistent regulatory framework. In addition to providing government funding, public policy initiatives must encourage private investment in translational research, and market-driven applications must be considered.
Most of the studies reviewed here were published in the last 3-5 years. As new technological applications emerge, novel insights will be gained into key evolutionary features of population genomics, biodiversity and ecology of marine species, which will in turn yield fundamental information for marine ecosystem management, aquaculture industry and the sustainable management of our oceans.
